Aim Riparian habitats are amongst the most invaded ecosystems world-wide. The great abundance of invasive species in river corridors is attributed to the efficient transport of alien species' propagules and reduced competition from native plants due to regular flooding. Once an invasive species has become established, river corridors can serve as stepping stones for spread into other habitats. We have chosen the Himalayan balsam Impatiens glandulifera Royle, highly invasive annual in riparian areas, as a model for spread of invasive species from linear river corridors.
INTRODUCTION
Riparian habitats are generally considered to be very susceptible to plant invasion (Planty-Tabacchi et al., 1996 Py sek et al., 2010) and are among the most invaded ecosystems world-wide Hejda et al., 2015) . The high number and abundance of invasive species in river corridors is attributed to several mechanisms such as connectivity of waterways and transport of propagules (Johansson et al., 1996; Leuven et al., 2009; S€ aumel & Kowarik, 2013) , increased human influence in the vicinity of rivers favouring the spread of invasive plants , reduced competition from native species due to regular disturbances, which enables propagules of invasive plants to become established (Planty-Tabacchi et al., 1996; Hufbauer et al., 2012) and an heterogeneous patchy environment providing a wide range of microhabitats (Planty-Tabacchi et al., 1996) . In the riparian zone, floods are the main agent influencing competitive hierarchy, but it is difficult to predict the composition of the vegetation because floods typically vary in their extent and periodicity (Naiman & Decamps, 1997) . Furthermore, floods transport propagules faster, more effectively and over longer distances than regular water flow (Gurnell et al., 2008) and even beyond the river corridor. Importantly, rivers also transport heavy, non-buoyant, propagules (Goodson et al., 2003) .
Easily invasible river corridors can also serve as stepping stones for invasion of adjacent habitats. It is reported that in the initial phase of their invasion some species, such as Fallopia japonica, F. sachalinensis (Py sek & Prach, 1993) , Helianthus tuberosus ( Reho rek, 1997), Phragmites australis (Jodoin et al., 2008; Brisson et al., 2010) , Acer negundo (Erfmeier et al., 2010) and Impatiens glandulifera (Py sek & Prach, 1993) , occur in riparian localities and subsequently spread into a range of adjacent non-riparian habitats. This indicates that the predominant habitat of an invader may change during invasion and this is especially the case for easily invasible narrow linear habitats along which their propagules are easily transported, such as waterways, road margins and railway corridors (Th ebaud & Debussche, 1991; Ernst, 1998; Hansen & Clevenger, 2005; Brisson et al., 2010) . Such broadening of the ecological niche in the invaded range is associated with a number of factors; an invading species' characteristics and the permeability of the receiving habitat (Parendes & Jones, 2000; Hansen & Clevenger, 2005) , number of habitats occupied in their native range (Otte et al., 2007) , invading species' residence time in the region (Kowarik, 1995; Crooks, 2005) , phenotypic plasticity (Geng et al., 2007) and adaptations to local conditions (Sakai et al., 2001) .
In this study, we focused on the factors determining the abundance of the invasive annual Impatiens glandulifera along four rivers in the Czech Republic, central Europe, and its spread from the river corridors into surrounding habitats. Its invasion of riparian habitats in the region studied was very fast, and it only took 100 years to colonize the majority of the big rivers in the Czech Republic (Py sek & Prach, 1995a, b; Rydlo, 1999) . Its abundance along these rivers has increased with residence time (Mal ıkov a & Prach, 2010) and the largest populations are still confined to river corridors, but there are many reports of it spreading into adjacent habitats (Hejda, 2004; Mal ıkov a & Prach, 2010; Pahl et al., 2013; Kostrakiewicz-Gierałt & Zaja z c, 2014) . This is associated with this species' tolerance of a wide range of environmental conditions (Beerling & Perrins, 1993) , including relatively low soil moisture ( Cuda et al., 2014) and shading (Andrews et al., 2009; Sk alov a et al., 2012 Sk alov a et al., , 2013 , and is supported by it being highly competitive (Bottollier-Curtet et al., 2013; Sk alov a et al., 2013; Gruntman et al., 2014) .
The ecological hypothesis behind the study is thus that the ecology of the species has been changing in recent decades and its spread from the river corridors is not random but determined by the characteristics of the colonizing populations and landscape features such as habitat structure in the areas adjacent to the rivers. In this study, we examine how the distribution of this species along rivers and beyond is associated with river identity (linked with the year of introduction), constraints on dispersal (distance from river surface, flooding regime), disturbance and the type of habitat adjacent to river corridors. We address the following questions: (1) Which factors determine the abundance of I. glandulifera, expressed in terms of the numbers of individuals in a patch? (2) What determines the maximum distance of I. glandulifera from a riverbank? (3) Which of the habitats adjacent to rivers are invaded?
METHODS

Species studied
Impatiens glandulifera Royle is an annual that grows up to 3 m high, native to the Himalayas and invasive in Europe, Asia (Russian Far East and Japan), North America, Japan and New Zealand (Adamowski, 2008) . Due to its tall stature and high seed production, it is highly competitive in a wide range of light and moist conditions ( Cuda et al., 2015) . It reduces the species diversity of the communities it invades (Hulme & Bremner, 2006 ; but see Hejda & Py sek, 2006) , attracts pollinators away from other plants (Chittka & Sch€ urkens, 2001 ; but see Bartomeus et al., 2010) and by increasing the erosion of riverbanks promotes its persistence (Greenwood & Kuhn, 2014) . Nevertheless, all aspects of the impact of I. glandulifera are not fully understood yet and its suggested competitive ability can be overestimated due to it temporarily occurring in large quantities (Kasperek, 2004) and conspicuousness in bloom. Impatiens glandulifera is recorded from 16 types of habitats in the Czech Republic (S adlo et al., 2007) , with the largest populations occurring along rivers, but is also recorded in a range of other habitats, such as forest clearings and margins, ruderal sites, wet ditches, abandoned meadows, margins of arable fields, road ditches and railway embankments (Py sek & Prach, 1995b) , away from rivers it occurs most often at human-disturbed sites (Usher et al., 1986) . In the Czech Republic the species is missing only in drier areas with sparse river network (Slav ık, 1996) . The species tolerates a wide range of substrata, and it is able to grow on alluvia, mineral soil, peat and even colliery spoil (Beerling & Perrins, 1993) . Impatiens glandulifera occurs mainly in early successional vegetation or disturbed sites, as it requires bare soil for seedling establishment (Sinker et al., 1985) . It is very frost sensitive (Beerling, 1993; Kollmann & Bañuelos, 2004; Sk alov a et al., 2011) , but as it rapidly completes its annual life cycle, it is able to survive at altitudes as high as 1010 m a.s.l. in the Czech Republic (Anonymous, 2013) and 1180 m a.s.l. in Austria (Drescher & Prots, 2003) . More than half of unripe seeds are capable to germinate and sustain high propagule pressure, for example when early frosts occur (Janczak & Zieli nski, 2012) . Seedbank does not persist more than one season according to Perglov a et al. (2009) , but Beerling & Perrins (1993) report germinable seeds after 18 months. Balogh (2008) suggests that seed buried by river sediments may remain germinable for much longer time. Competitive ability is enhanced especially by early and synchronous germination promoted by massive cotyledons (Kurtto, 1992; Sk alov a et al., 2011) , together with subsequent fast growth (Beerling & Perrins, 1993) . The species is further favoured by a wide phenotypic plasticity (Kurtto, 1996 ; Sk alov a et al., 2012; but see Elst et al., 2016) and by the lack of diseases, pests and herbivores in the invaded range (Beerling & Perrins, 1993; Schmitz, 1991 ; but see Tanner et al., 2015) . In the past, the plant was propagated and distributed by gardeners and beekeepers, and migration among distantly located populations has been inferred from reports about seed exchange (Kurtto, 1996) and using molecular techniques (Hagenblad et al., 2015) . The first occurrence outside cultivation in the Czech Republic was recorded in 1896 near the town of Litom e rice, and in 1900, it was first found at a riparian site on the bank of the river Svitava (Py sek & Prach, 1995b) . The plants flower from late July until the first frost and set seed from late August until November and the seed rain density is 5000-6000 seeds m À2 (Beerling & Perrins, 1993) ; Koenis & Glava c (1979) found a maximum of 32,000 seeds m À2 in Germany. Seeds are dispersed actively by explosive capsule dehiscence up to 5 m (Beerling & Perrins, 1993) and passively by water flow (Lhotsk a & Kopeck y, 1966; Love et al., 2013) . The seeds are also dispersed with soil by logging machinery or animals along forest roads and clearings, as well as by ants and small rodents (Beerling & Perrins, 1993) , birds (Heintze, 1932) and maybe even fish (Boedeltje et al., 2015) . Whole plants or seedlings can be transported downstream during floods (Hejda & Py sek, 2006; Balogh, 2008) , as they are able to root at the nodes. The maximum rate of spread was estimated to 38 km year À1 in England, and the ballistic spread is limited up to 2 m year À1 ; according to Williamson et al. (2005) , the average rate of spread was 3.66 km year À1 between 1934 and 1995 in the Czech Republic.
Field methods
We mapped the occurrence of I. glandulifera along four rivers and their tributaries in the Czech Republic, central Europe (Table 1 ). The segments of the rivers (158 km in total) selected had similar geomorphologies and land use in the surrounding valley, but differed in the year of first recorded occurrence of I. glandulifera, from which the beginning of the invasion of these sites was inferred. The populations were recorded at flowering by systematically walking along both riverbanks and mapping plants growing there. In open plain terrain, such as grasslands and arable fields across which seed is likely to be dispersed, but are unsuitable for the establishment of new populations due to frequent disturbances, we were able to distinguish the species safely at distances of several hundred metres using binoculars. Every tributary flowing into the river segments studied was searched for the presence of I. glandulifera up to 500 m from the confluence; only tributaries where the species was present were searched. We assume all occurrences in a tributary originated from the populations located along the main river, as there are no records in the literature of an earlier occurrence in the tributaries along the rivers we sampled (Py sek & Prach, 1995b) . These authors collected information on the majority of published and unpublished localities and herbarium specimens of the species in the Czech Republic. In the field, we distinguished two types of records based on the character of the patches of I. glandulifera: (1) a point occurrence described by the GPS coordinates in the centre of the patch used to record isolated individuals or small groups of plants (up to 3 m in diameter); (2) occurrence of approximately rectangular patches, parallel to a river, specified by two points measured farthest from the river, which describe the length (2-800 m) of the rectangle; the width of the rectangle (1-100 m) was estimated visually. To record large stands of irregular shape, we used more than one rectangle; subsequently the patches closer than 5 m to each other (limit to the distance of spread of this species by seed) were merged and considered as a single patch. In total, we mapped 1738 patches that were subsequently merged into 1210 patches of I. glandulifera. The density of I. glandulifera in patches was scored on a three-grade scale: (1) scattered (at least one plant per every 10 m), (2) common (more than one plant per one square metre; cover up to 50%), and (3) dominant (cover > 50%). The location of plants was recorded using a GPS device (Garmin GPSMAP 62 and Garmin eTrex Legend) with positioning accuracy of about 3 m in open terrain. We recorded the type of habitat in which each patch of I. glandulifera was recorded, using an ad hoc classification of 10 types of habitats and their transitions: riverbank, roadside, dense woodland, sparse woodland, managed grassland, non-managed grassland, arable field, forest clearing, ruderal site and railway embankment; see legend of Table 2 for the descriptions of the habitats.
Data preparation and statistical analyses
The coordinates of occurrences of I. glandulifera in the field were processed in ArcGIS (ESRI, 2015) . Point occurrences were assigned the distance to the nearest riverbank, vertical distance from river surface (Conrad et al., 2015) , estimated patch area (Network analyst, ESRI, 2015) and information about flooding based on data from the DIBAVOD database (DIBAVOD, 2016) . We used five-year flooding data because this is frequent enough to have an effect on the abundance and distribution of I. glandulifera. A patch was considered to be subject to flooding, when its centroid was inside a five-year flood zone. For larger patches, rectangular shapes were generated from the GPS data and assigned the same characteristics as point occurrences based on polygon centroids. We added the maximum distance of the patch from the riverbank.
The data were then analysed using program R 3.2.0 (R Development Core Team, 2016), starting with Generalized Least Squares models (Liang & Zeger, 1986 ) from NLME package (Pinheiro et al., 2016) . We checked the data for spatial correlation using coordinates as covariates in the models, but there was no apparent relationship in the models for the number of individuals or the distance from the riverbank. As no spatial correlation was detected, we used an analysis of variance. The total number of individuals in each patch was calculated as a product of patch area and plant density estimated for the following categories: scattered = 1 individual m À2 ; common = 11 individuals m À2 ; dominant = 40 individuals m À2 ( Cuda et al., 2014) . The degree of soil disturbance in patches was arbitrarily assigned to the invaded habitat using a three-degree scale (1 = low, 2 = middle and 3 = high, see Table 2 for details of habitat classification). Patches with I. glandulifera mostly occurred at the boundary of two or three types of habitats (Table S1 in Supporting Information); thus, the degree of soil disturbance was averaged across habitats if there was more than one habitat in the invaded patch.
We used two measures of the distance from the riverbank: (1) the distance of the patch centroid to specify 'mean distance' of the whole patch from the riverbank, which we used as a predictor in analyses using the number of individuals as a response variable; (2) the maximum distance of the patch, that is, that of the most distant individuals in the patch from the riverbank, which we used as a response in other analyses (Table 3 ). The mean distance was the best characterization for all the individuals in a patch, but the maximum distance was a more suitable measure for assessing the penetration of I. glandulifera in adjacent habitats. Using the mean distance results in a patch extending 100 m from the riverbank having the same distance as a single plant growing 50 m from the riverbank. For patches < 5 m from each other that were merged into a single patch, we computed the 'mean value' of each variable to be used in the models: mean distance of the patch from the riverbank = mean distance of merged patches weighted by the length of the patches; maximum distance = similar to mean distance; vertical distance above the river surface = similar to mean distance; position of the tributary = assigned as tributary patch when at least 50% of merged patches were in the tributary; degree of soil disturbance = mean disturbance calculated for the merged patches; flooding = patch considered to be subject to flooding when at least 50% of merged patches were in the flood zone; number of individuals = total number of individuals in merged patches. Both response variables, the number of individuals and maximum distance from riverbank, were log-transformed to achieve a normal distribution and homogeneity of variance, and three outlying observations were not included in the analysis. The assumptions of all regressions were checked by plotting diagnostic plots (Crawley, 2013) . In models where the response was the maximum distance of a patch, we analysed data for patches that were and were not subject to flooding each based on the five-year flooding data, because of interference between the response and flooding. We excluded the results for the river Berounka from the analysis of the distance from the riverbank, because there were no flooded patches in its tributary and therefore we could not test the interaction between the position of a patch in a tributary and flooding. All models included only two-way interactions, because the field data were non-orthogonal (see Table 3 ). In case of quantitative explanatory variables, we also included their quadratic terms. The model containing all terms and their interactions was further reduced by backward selection to obtain a model that only contained the significant factors. The deletion of terms was validated step by step by comparing the original and simplified models (Crawley, 2013) . The differences among levels of categorical predictor 'river', which was the most important predictor in the analyses, were further tested using Tukey HSD post hoc comparisons, with river identity as the only predictor.
RESULTS
Number of individuals
About half of the patches with I. glandulifera (48%) were situated in areas subject to flooding relatively close to the riverbank (median distance of patch from riverbank was 18.4 m and 42.2 m for patches that were subject and not subject to flooding, respectively). River identity was the best predictor of abundance of I. glandulidera expressed as the estimated number of individuals. There were smaller groups of individuals along the river invaded 20 years ago than along the one invaded more than 60 years ago, but there was no significant difference between rivers invaded 60 and 100 years ago (Table 4 , Fig. 1 ). In patches subject to flooding, there were more than twice as many plants than in those not subject to flooding (Fig. 1) . The effect of flooding was highly significant even when distance and vertical distance from river surface were included in the models as covariates. The number of individuals was significantly associated with soil disturbance, with the highest numbers recorded at the least disturbed sites. The number of individuals was negatively associated with the mean distance from the riverbank. Environmental factors accounted for 14.7% of the variation in the data. Table 2 Area of habitat, number of patches with Impatiens glandulifera in each habitat and the degree of soil disturbance arbitrarily assigned to each habitat. Note that I. glandulifera mostly occurred in transitions between habitats (ecotones), for example sparse woodland on riverbanks (see habitat transitions in Table S1 ).
Area occupied (%)
Definitions of the habitats: sparse woodland -solitary trees and shrubs, alder carrs; riverbank -habitat close to a riverbank with specific riparian vegetation; non-managed grassland -mainly abandoned meadows; managed grassland -mowed or grazed grasslands, mainly meadows (I. glandulifera occurred predominantly at the margins); roadside -narrow strip of land on either side of a road or track disturbed by passing vehicles and mowing; dense woodlandshady forests and woody plantations; clearing -woodland habitat with nutrient enrichment, high disturbance and partial shade; ruderal site -ruderal area subject to regular disturbance, such as soil heaps, abandoned industrial field, etc.; railway embankment -similar habitat to roadside, but differing in substrate (riprap) and regular herbicide spraying; arable field -mainly field margins, but I. glandulifera is able to penetrate into crops (typically those with a wider spacing during early development, such as maize or rape). Table 3 Overview of response and explanatory variables used in maximal models in this study, ordered as we used them in the ANOVA models. We also included all two-way interactions among the predictors and quadratic terms of selected factors, which are marked with asterisks.
Response variables
Explanatory variables included in the maximal models
Number of individuals in patch
River, mean distance of patch from riverbank*, vertical distance from river surface*, subject to flooding (Y/N), degree of soil disturbance Maximum distance of patch from riverbank
River, tributary (Y/N)
Maximum distance from riverbank
The maximum distance of patches from the riverbank differed for the different rivers (Table 5 , Fig. 2a, b) . Impatiens glandulifera occurred significantly further from the riverbank of the tributaries than of the main rivers. However, when testing the effect of tributary for each river separately, it was significant for patches not subject to flooding on all rivers (Fig. 2a) , but for those subject to flooding only for the river Jizera (Fig. 2b) .
Habitats invaded
The most common type of habitat occupied (based on the percentage of the area occupied) was sparse woodland (36%) and riverbank (22%) followed by non-managed grassland (9%) ( Table 2) . We found I. glandulifera typically under solitary or scattered trees along rivers, in alder and willow carrs and at the fringes of forests (Table S1 ). The typical occurrence of I. glandulifera is in tree/shrub and herb/grassland boundaries in habitats that provide plants with partial shade. The largest stands of I. glandulifera located far from riverbanks (100 m and more) were found in forest clearings. We often found this species growing alongside roads and railways and in ditches, and it also occurred in grasslands that were rarely mowed or grazed, such as abandoned meadows, but hardly at all if they were regularly mowed or grazed. Impatiens glandulifera was often recorded at ruderal sites, such as abandoned industrial zones in the vicinity of rivers, soil dumps and rubbish heaps. Patches at ruderal sites were over-represented in terms of numbers (11%), but occupied only 3% of the area invaded along the rivers (Table 2) . It was rarely found in crops (2% of the area invaded; maize, wheat, barley, rape and soya), where it occurred mainly at field margins. It was abundant along riverbanks, but rarely occurred on the shores of ponds.
DISCUSSION
Number of individuals
Most patches with I. glandulifera were located close to rivers, often in areas that are subject to flooding, which corresponds with the reported habitat preferences of this species (Beerling & Perrins, 1993; Py sek & Prach, 1995a ).
There were approximately twice as many individuals in patches that were subject to flooding as in those that were not. This holds true in models where patch mean distance and vertical distance from river surface were included as covariates and indicates that there is a direct effect of Figure 1 Number of individuals of Impatiens glandulifera in patches that were and were not subject to flooding along four rivers in central Europe that were initially colonized by I. glandulifera in different years (noted under river name). Bars show mean number of individuals in patches predicted by ANOVA model with merged river and flooding as the only predictor (resulting in categorical variable with eight levels = all possible combinations of river and flooding); error bars show 95 confidence interval. Values predicted by models on logarithmic scale were back-transformed using an exponential function. Letters beside river names show differences among rivers tested by Tukey HSD post hoc comparisons. Asterisks above bars show significant differences between patches that were and were not subject to flooding along each river tested separately using Student's t-test.
flooding on I. glandulifera not influenced by the proximity of a river. Floods act as dispersal vector for seeds (Lhotsk a & Kopeck y, 1966; Goodson et al., 2003) and disturb native vegetation (Planty-Tabacchi et al., 1996) , but can also have a detrimental effect on some invasive species, depending on their biology (Predick & Turner, 2008; Schmiedel & Tackenberg, 2013) . Impatiens glandulifera is very susceptible to spring and early summer floods (Kasperek, 2004) , because as an annual it has shallow roots and can be easily damaged by the water flow. Kasperek (2004) recorded extreme fluctuations in I. glandulifera abundance due to flooding and waterground table regression in reed communities with large quantities in some years and a sharp decline in others. Also Dajdok et al. (1998) report the destruction of the majority of localities along the Odra river in Poland due to a June flood, only the individuals on the top of the riverbanks survived. In spite of this, 1 year later single individuals emerged and 2 years later Impatiens was abundant in the locality (Dajdok et al., 2003) . Analogously Bla zkov a (2003) reports the total destruction of I. glandulifera stands along Berounka river, due to a flood in August; there were only two I. glandulifera individuals alive 2 months after the flood, but she suggests that seeds were probably spread to new sites. According to K€ oppl (2002) the floods in Tich a Orlice river accelerated spread of the species to more distant sites (~25 m from the riverbank), although populations under trees and shrubs in the river vicinity were heavily damaged. This author also reports that highest abundance the species reached at flood created sand alluvia (K€ oppl, 2002) . The winter floods from melting snow are more common in the Czech Republic than Table 5 Maximum distance from riverbank of patch in areas that were or were not subject to flooding in response to factors included in the minimal model. River Berounka was excluded from this comparison, because there were no patches along tributaries that were subject to flooding. (a) (b) Figure 2 (a, b) Mean maximum distances of patches from riverbanks that were not (a) and were subject to flooding (b) along three rivers in central Europe that were initially colonized by Impatiens glandulifera in different years (noted under river name) and according to whether or not the patches were in a tributary. Bars show mean distance of patches predicted by ANOVA model with merged river and tributary as the only predictor (resulting in categorical variable with six levels = all possible combinations of river and tributary); error bars show 95 confidence interval. Values predicted by models on logarithmic scale were back-transformed using an exponential function. Letters beside river names show differences among rivers tested using Tukey HSD post hoc comparisons. Asterisks above bars show significant differences between patches along a tributary and along the river for each of the rivers studied based on Student's ttests. River Berounka was excluded from this comparison because none of the patches along the tributary of this river were subject to flooding.
summer floods (Elleder, 2007) ; winter floods transport seeds and disturb the soil but do not harm I. glandulifera plants. As we demonstrated above, the timing of flood is critical, and it has the most detrimental effect just before the seed set when it can drastically lower the species' abundance. Therefore, flooding can be viewed as an opportunity for eradication of I. glandulifera from small watersheds. However, it is necessary to keep in mind that only few surviving or newly emerging individuals are able to restore the population, and Kasperek (2004) shows changes in cover from '+' to '5' in I. glandulifera cover on the Braun-Blanquet scale from 1 year to the next, which corresponds to an increase from a few individual to a dominant stand with 75-100% cover.
Water flow creates a seed-soil mixture, which sediments out downstream (Gurnell et al., 2008) and provides ideal conditions for seed germination. Seeds of I. glandulifera do not float on the surface of the water but are transported along the riverbed (Lhotsk a & Kopeck y, 1966); however, long-term inundation of seed reduces germination considerably (Janczak & Zieli nski, 2012). The great amount of seeds dispersed over floodplains, together with massive seed production, contribute to the dominance of this species in areas subject to flooding. The spread of I. glandulifera in flooded areas can be also promoted by nutrient enrichment from flooding. Although the species is known to tolerate poor nutrient conditions, overall fitness and especially fertility are much lower in nutrient-poor soils than in the rich ones (KostrakiewiczGierałt, 2015; Minden & Gorschl€ uter, 2016) . This view is supported by Elst et al. (2016) , who attribute the balsam success in its new ranges to the fact that it colonized habitats with higher nitrogen availability than in the native distribution areas. Last but not least, stands of I. glandulifera promote soil erosion (Greenwood & Kuhn, 2014) and as there are almost no other species in these stands that would stabilize the soil, erosion ensures the persistence of I. glandulifera once a site is colonized. Impatiens glandulifera, despite being an annual, is known to be able to persist at a site for 70 years (Larsson & Martinsson, 1998 ), but such long-term persistence could be also caused by recolonization. Populations close to the human settlements usually diminish after few years, mainly due to the damage of habitats or lack of repeated introduction in the vicinity of settlements in northern countries, such as Latvia (Helmisaari, 2006) . There is currently greater abundance of I. glandulifera growing along the rivers that were colonized earlier than along the river Berounka, which was colonized later. Species with long residence times are more widespread (e.g. Rejm anek, 2000; Wilson et al., 2007) and more likely to become invasive (Py sek & Jaro s ık, 2005). However, in this study the rivers invaded more than 60 years ago did not differ in the level of abundance of I. glandulifera. Another explanation of the lack of difference in rivers invaded long time ago could be the extremely fast spread of I. glandulifera during the last decades, which seems to be somewhat unrelated to the time of introduction (Wade, 1997) ; the number of localities increased eight times between 1990-2009 in Polish Carpathians that were invaded in the mid-1960s (Zaja z c et al., 2011) . It is necessary to treat our results with caution because the data are only for four rivers, and residence time and river identity are confounded. Although the invasion of I. glandulifera has proceeded rapidly and along some rivers all suitable habitats appear to be occupied, only repeated sampling of the same site will reveal whether it has ceased increasing in abundance along these rivers (e.g. Dost al et al., 2013) .
Maximum distance from riverbank
River identity and whether or not the patch is located in a tributary were the most important predictors of the maximum distance of I. glandulifera from a riverbank in both patches subject and not subject to flooding, but plants along rivers invaded early did not spread further from the riverbank than those occurring along more recently invaded rivers. This contradicts the results of Mal ıkov a & Prach (2010) . Differences in our results may be due to our using GPS devices to more accurately measure the spatial parameters of I. glandulifera populations.
Patches along tributaries were generally further from bank of the main river than other patches; this was true for patches not subject to flooding on all four rivers. We found no indication that I. glandulifera colonized tributaries earlier than the rivers (based on the list of historical localities in Py sek & Prach, 1995b); therefore, it is assumed that I. glandulifera gradually spreads upstream. We are aware that there is a possibility that some of the tributaries could be colonized downstream, for example from plants escaping from the private gardens (e.g. Kurtto, 1996; Priede, 2008) . Given a thorough documentation of the initial spread of this conspicuous species in the Czech Republic that did not indicate early occurrences on the tributaries (Py sek & Prach, 1995b), we believe that the greater distance of the patches from riverbanks along tributaries is due to the habitats there favouring its long-term persistence. It is thus important to take into account the persistence of small vulnerable populations that cannot be maintained by propagules from a neighbouring upstream population (Love et al., 2013) . This assumption is supported by the short-term persistence of unconnected populations, compared with connected ones, as recorded for Heracleum mantegazzianum (Pergl et al., 2012) . For I. glandulifera, small forest populations persisted for 4 years ( Cuda et al., 2014) , but 3 years later they were out-competed by shrubs (J.
Cuda, unpublished data). Annual plants with a short-term seed bank, although competitively strong at maturity, such as I. glandulifera (Perglov a et al., 2009), require stable conditions for continuous year-to-year survival, or the possibility of spreading quickly to form new stands when conditions are not suitable. We also recorded a sharp decline in abundance and area occupied by I. glandulifera population in the mixed forest far from the riverbank during the extreme drought in 2015, in an experiment lasting 3 years ( Cuda et al., under review) . This view is supported by results of Mal ıkov a (2003) , who found a very high persistence (94%) of I. glandulifera populations along streams and rivers, but negligible persistence at non-riparian localities (9%).
Invaded habitats and possible management practices
Impatiens glandulifera was dominant especially in flooded zone in the close vicinity of the river, in accordance with the results of Balogh (2008) who reports that the species is concentrated in highly productive and moderately disturbed habitats. We observed similar patterns in its distribution far from riverbanks. This species is able to grow at sites exposed to direct sunlight if well supplied with water. In such conditions, it grows on eyots, gravel and sand alluvia or directly on riverbanks if its roots can access the groundwater (Beerling & Perrins, 1993; Balogh, 2008) . Otherwise, I. glandulifera prefers partially shaded sites (Sk alov a et al., 2013; Cuda et al., 2014) , such as among sparse shrubs, scattered trees, forest gaps, clearings and margins; however, fully shaded sites, such as dense young spruce plantations or closed forest, are an effective barrier against its spread. Canopy shade can be further enhanced by shading due to geomorphology; for instance, I. glandulifera rarely occurs in deep forested valleys. Under canopies, I. glandulifera plants are protected from early spring/late autumn frosts (Beerling, 1993; Sk alov a et al., 2011) .
It needs to be emphasized that the spread of I. glandulifera is effectively blocked in traditionally managed landscapes. The exponential increase in abundance after WWII (Py sek & Prach, 1993) was probably due to abandonment of traditional management. This is especially true for edge habitats, such as riverbanks, forest fringes and road margins that are often invaded by exotic species (Hansen & Clevenger, 2005) . Unification of small fields by agricultural cooperatives during the 1950s-1960s (Bla zek & Kub alek, 2008) led to the abandonment of labour-intensive management of narrow strips of the land that was difficult to cultivate by machinery. This, together with the increase in the input of nutrients, accumulating in those ecotonal habitats, probably contributed to the increase in the rate of spread of I. glandulifera since the 1960s (see Py sek & Prach, 1995a) . The positive effect of management is evident in Switzerland, where river banks are continuously managed and there are very few dense stands of I. glandulifera along river banks (Z. Rumlerov a, personal observation). In particular, it is effectively blocked in areas grazed by cattle, horses and sheep; at sites where it was present before grazing plants are consumed and trampled (Larsson & Martinsson, 1998; Helmisaari, 2006) . In contrary, Matthews et al. (2015) consider grazing as a limited tool for species eradication, because most of the grazers consume other plants before eating I. glandilufera. Cockel & Tanner (2011) point out that grazing along watercourses during the seed release can create further disturbances that favour the spread of the species. During the fieldwork, we recorded only a few individuals growing along grazed or mowed riverbanks, despite otherwise suitable conditions and a nearby source of propagules. Impatiens glandulifera is unable to become established in continuously grazed or mowed areas completely and densely covered by grass (Py sek & Prach, 1995a; Larsson & Martinsson, 1998) , and short statured vegetation is supported by grazer generalists, such as cattle. We consider grazing as a potentially effective management tool, if it is applied in proper time, ideally several times during the season (but not during the seed release); animals also heavily damage the fragile stems. Continuous grazing over more seasons prevents species to retrieve, while single-shot eradication is pointless and can even enhance spread of the species.
Together, these results provide us with a holistic picture of I. glandulifera future potential distribution; the centre of its occurrence will be along the rivers colonized long ago. Floods can have ambiguous effect on abundance of the species, depending on the timing, but in general seem to promote species dominance by spreading the seeds, increasing the nutrient availability and disturbing the native vegetation. The spread will proceed along smaller currently uncolonized watercourses; however, smaller scattered populations will temporarily occur in a wide range of other habitats. It is relatively easy to manage the species in the small areas, if the eradication is systematic (Saegesser et al., 2016) ; if so, it pays back to follow a sharp decline of the population in particular years that is periodically caused by flooding in riparian and by drought in non-riparian ones. Figure S1 Maps showing the occurrence of Impatiens glandulifera along four river segments within the study. The diameter of the circle indicates the total number of individuals in thousands in every 3 km of watercourse; red sector of the circle represents proportion of individuals in areas subject to flooding, green sectors are those that were not subject to flooding. Projection: S-JTSK/Krovak East North -EPSG:5514. Figure S2 Map showing the occurrence of Impatiens glandulifera along a short segment of the river Jizera. Red circles represent patches in areas subject to flooding, green circles are patches that were not subject to flooding; the diameter of the circles indicates the number of individuals in thousands in the patch. The zones that were subject to flooding over a five-year period are plotted in red. Picture also shows some typical occurrences of patches more distant from the riverbank: this species often spreads along railway embankments (green dots on the right and bottom left), small water courses and forest margins (green dots on the left). Projection: S-JTSK/Krovak East North -EPSG:5514. Figure S3 Abundant growth of Impatiens glandulifera along a railway line close to the river Jizera.
Table S1
Percentages of transitions between habitats present in patches with Impatiens glandulifera. Those with more than 2% of the total number of particular transitions are in bold.
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